Abstract. Land application of wastewater and lagoon effluent from livestock production has the potential to cause water quality problems and degrade agricultural land's resistance to erosion. Anionic polyacrylamide (PAM) is a soil amendment that has been shown to reduce runoff related soil erosion and nutrient loss from rainfall and irrigation induced runoff. We hypothesized that application of wastewater containing dissolved PAM would reduce nutrient loss under rainfall by increasing percolation and reducing runoff and sediment generation. Swine wastewater from a third stage anaerobic lagoon was mixed with high molecular weight PAM at a concentration of 10 ppm, and then surface applied to soil packed in erosion boxes. A rainfall simulator was used to study the effects of slope (4 and 8%) and cover (0 and 30%) on runoff composition and soil loss for two consecutive storms, the first with a constant intensity of 60 mm h -1 and the second with varying intensities of 60, 90, and 25 mm h -1
Introduction
Agriculture is a significant source of nutrient loading to the rivers, lakes, and streams of the United States. The introduction of excessive nutrients to water bodies can accelerate eutrophication, which has been identified as the main cause of surface water quality impairment in the US (US EPA, 2000; USDA-ARS, 2003) . According to the US EPA (2000) , agricultural pollution affects 18% of streams and lakes in the US. Of all impaired streams and lakes, 48% of stream and 41% of lake impairment is attributed to agricultural pollution. Siltation is a problem in 12% of US streams and rivers, while excess nutrients are found in 22% of lakes. High nutrient concentrations account for 50% of all water quality problems reported in lakes.
One source of nutrient loading to water bodies is runoff from fields having been subjected to surface application of manures. In the Midwest, a common method of manure treatment from confined animal feeding operations is to construct a series of aerobic or anaerobic lagoons having a wastewater retention time of 20 to 150 days (Purdue Extension, 1997) . The treated effluent is applied to fields as a water supply and nutrient supplement for growing crops, frequently by sprinkler irrigation. Immediately following surface application of wastewater or manure, there may be a risk of higher than normal nutrient loadings to streams should a rainfall event occur, since nutrients are in a mobile state and crop uptake and soil absorption processes have had little time to occur.
In general, addition of manures to soil may have beneficial effects on soil characteristics that increase a soil's resistance to erosive forces. Roberts and Clanton (2000) incorporated wellagitated dairy manure (9.3% total solids content) and swine manure (13.1% total solids content) to soil columns and exposed them to simulated rainfall. They observed higher seal conductivity in silt loams and loamy sands having received the dairy manure, and/or swine manure than in control columns receiving only distilled water. A long term field study by Risse and Gilley (2001) observing the effects of annual manure additions to fields under various cropping systems found runoff reductions from 1 to 68%, and soil loss reductions from 13 to 77% in comparison to controls. The beneficial results from both of these studies were attributed to the increased soil organic matter content that occurs as a result of soil-manure incorporation. However, irrigation with wastewater can also be detrimental to soils with regards to runoff generation and erosion. Presence of suspended solids can cause blockage of soil pores (Rice, 1974; Vinten et al., 1983) , and the presence of dissolved organic matter may cause dispersion of clay particles (Durgin and Chaney, 1984) and thus decrease the soil hydraulic conductivity and percolation, and increase the soil susceptibility to seal formation and erosion. Consequently, Mamedov et al. (2000) observed higher runoff levels and erosion in soils varying in texture irrigated with secondary treated wastewaters than in soils irrigated with fresh water.
Polyacrylamide (PAM) is a synthetic, organic, water-soluble polymer that has generated considerable interest for its ability to strengthen soil aggregates and thus reduce erosion through consequential increases in infiltration and soil shear strength. It has been used to effectively reduce erosion in concentrated flow regimes such as with furrow irrigation (Lentz and Sojka, 2000) ; and man-made earthen waterways (Peterson et al., 2002) ; as well as in overland flow under both simulated and natural rainfall (Flanagan et al., 2002a (Flanagan et al., , 2002b Kim et al., 2001) and under sprinkler irrigation (Aase et al., 1998; . PAM has also been shown to reduce the loss of nutrients from fields in runoff Entry and Sojka, 2003; Lentz et al., 1998) . found that PAM application in sprinkler irrigation water, in combination with straw surface cover, diminished irrigation induced runoff by 75 to 80%, and thus reduced sediment and phosphorus loss considerably. The use of PAM in furrow irrigation has been found to reduce tail-water nitrate concentration by 85% and total P concentration by 90% in comparison to control treatments (Entry and Sojka, 2003) . Because of PAM's demonstrated efficacy for reduction of sediment and nutrient loss from agricultural fields under numerous conditions, it was hypothesized that PAM would also be useful for controlling erosion and nutrient movement from fields irrigated with agricultural wastewater. The purpose of this study was to study the effect of PAM application in the wastewater (in combination with slope and residue cover) on the runoff, sediment loss, and nutrient loss under rainfall from a soil recently receiving lagoon effluent from a swine farm.
Materials and Methods
This study was performed in the hydraulics laboratory of the USDA-ARS National Soil Erosion Research Laboratory in West Lafayette, Indiana. Soil (0-20 cm), excavated from the Purdue Animal Science Research and Education Center (ASREC) was used. The soil used is an alfisol, with silt loam texture (20% clay, 66% silt, and 14% sand) determined by the pipette method (Franzmeier, 1977) . Selected properties of the soil and the applied lagoon effluent are presented in Table 1 . Air dried soil was crushed, passed through an eight-millimeter sieve and packed in aluminum boxes that were 31 cm wide, 45 cm long, and 30 cm deep. The boxes were set on portable stands of about 0.3 m height, having hinged tops that allowed for adjustment of slope. The first 14 cm of depth of the boxes were filled with pea gravel to allow infiltrated water to drain freely from openings in the bottom of the boxes. Soil was added to the boxes in two cm layers to achieve a uniform bulk density of around 1.3 g cm The three treatment factors used were slope (4 and 8%), residue cover (0 and 30%), and PAM concentration in the lagoon effluent applied to the soil (0, 10, and 20 mg L -1
). The experiment was arranged in a complete randomized design with three replicates. In addition to these tests, several replicates were completed using only de-ionized water application at 4% slope, with no cover or PAM in order to clarify the effect of lagoon effluent on runoff and erosion.
The wastewater used for the study was obtained from the experimental swine production facility at the Purdue ASREC. Sub-samples of the wastewater were taken for evaluation of solids and nutrient content (Table 1) . Wheat straw was used to simulate field residue cover. The mass of the straw needed to provide 30% cover to the boxes was determined using residue mass and cover relationships specified by Gregory (1982) . A mass of 9.8 grams of straw was distributed evenly on each box for the cover treatment.
The polyacrylamide used for this study was anionic (Magnafloc 156, manufactured by Ciba Specialty Chemicals of Suffolk, Va.) with a 30% charge density, having a molecular weight of 18 Mg mol -1
. PAM was dissolved into the lagoon wastewater at a concentration of 10 ppm using a bucket and magnetic stir bar.
The PAM-manure treatment scheme for this study was designed to simulate a situation in which lagoon effluent is applied to a field for two consecutive days, and then followed on the third day by a rainfall event. In order to determine an appropriate application depth, rainfall gauges were placed under one of Purdue Animal Science farm's center pivot irrigators during operation. A volume of one liter of effluent per box per application provided an application depth of about seven mm, and corresponded well with results from the rain gauges. One liter of the PAMeffluent solution was sprayed evenly on the boxes twice, 24 hours apart. Twenty-four hours after the final effluent application, the simulated rainfall events and sampling were begun.
Simulated rainfall with high energy (22 kJ m -3 ) was applied to the boxes in two storms. A twotrough simulator with oscillating VeeJet 80100 nozzles was suspended three meters above the soil surface for this test. The first storm had a one-hour duration with a constant intensity of 60 mm hr -1 . The second storm had varying intensities of 60, 90, and 25 mm hr -1 for 20-minute increments. There was a break in rainfall for 30 minutes between the two storms.
For the first storm, sediment and nutrient sampling was begun immediately after runoff initiation. The sampling intervals were divided into six-minute increments. For the first four minutes of the interval, a sediment/runoff sample was taken in a tared one-liter bottle. Within the next two minutes of the interval, nutrient samples for analysis of soluble and total nutrient concentrations were acquired in 60 or 100 mL bottles. During the second storm, three samples were taken during each 20-minute increment with the same rainfall intensity.
Sediment samples were immediately weighed and then dried at 105 o C. Runoff amounts and sediment concentrations were determined gravimetrically. A volume of 30 mL of each of the soluble nutrient samples was filtered using 0.45-micron nitrocellulose syringe filters. A drop of concentrated sulfuric acid was added to each sample to lower pH and aid in preservation. The samples were frozen until chemical analysis could take place.
The Konelab 20 water chemistry auto analyzer was used to determine nutrient concentrations in the runoff samples. The three tests performed were Total Oxidized Nitrogen (TON), which determines combined nitrogen content due to nitrates and nitrites, ammonium-Nitrogen, and Ortho-Phosphorus. All of the tests were colorimetric in nature. The test methods for TON, Ammonium-N, and Ortho-P were based on EPA methods 353.1, 350.1, and 365.2 respectively. Analysis of variance (SAS, 1995) was used to determine treatment factor effects on ponding time, total runoff, total sediment, total nutrient losses and average sediment and nutrient concentrations. Treatment mean comparisons were made using the Tukey-Kramer HSD test at a significance level of 0.05. The preliminary results in this article are reported for treatment levels of 4% and 8% slope, 0% and 30% surface cover, and 0 ppm and 10 ppm of PAM dissolved in the effluent.
Results and Discussion

Runoff and Sediment Loss
The average ponding time for each treatment is presented in Figure 1 . There was a significant treatment effect of cover as well as 10 mg L -1 PAM dissolved in the applied lagoon water on ponding times (Table 2 ). However, in the comparisons of means tests, there were few significant differences in ponding times. The 10 mg L -1 PAM treatment did not significantly increase ponding times compared to the corresponding untreated boxes (Figure 1) , possibly due to high variance in the data. During the first (constant rainfall intensity) storm, total runoff amounts were significantly affected by surface cover and PAM treatments (Table 2) . Figures 2 and 3 show PAM-and coverinduced reductions in total runoff and runoff rates. Like , results from this study indicate that straw cover is generally more effective at reducing total runoff than PAM. At four percent slope, combined treatment effects with 10 mg L -1 PAM and 30% straw cover reduced total runoff volumes by nearly 80% (Figure 2) . The same treatment combination on eight percent slopes reduced total runoff by about 70%.
During the second storm, no statistically significant differences in total runoff or runoff rates were observed between treatments. For combined storms, 30% cover caused an overall average runoff volume reduction of 30%, while PAM reduced runoff by 13%. Cover, PAM and slope had significant treatment effects on total sediment yield and sediment concentration for both simulated storms ( Table 2) . As can be seen in Figure 4 , 30% straw cover was extremely effective at reducing sediment loss. During storm 1, cover alone decreased sediment loss by nearly 85% on the four percent slopes and over 90% on the eight percent slopes (Figure 4a ). Cover remained effective into the second storm, reducing soil loss by almost 70% on four percent slopes and 60% on eight percent slope (Figure 4b ). Total sediment loss from treatments with cover alone was generally lower than that of treatments with PAM alone, however the differences between these two treatment types were not significant at the replication level used.
An increase of slope from four to eight percent doubled the sediment loss on bare soil during the first storm (Figures 4a). Because slope did not significantly affect total runoff, increases in sediment yield were due primarily to increased sediment concentrations. Sediment concentrations increased from 15 to 25 g L -1 when slope increased from four to eight percent on the control boxes. Boxes treated with either straw cover or PAM did not have significant increases in sediment concentration with increasing slope.
The PAM treatment was most effective under bare soil conditions. PAM alone reduced sediment loss by 67% on eight percent slopes during the first storm (Fig 4a) . When used with straw cover, PAM did not significantly decrease soil loss beyond the reduction resulting from cover alone. During the second storm, the PAM treatment effect was of diminished magnitude but still significant, causing an overall combined storm reduction in sediment loss of 35%. During the first storm, sediment loss was highly correlated with runoff volume (Fig. 5a ). For the second storm however (Fig. 5b) , the range of sediment losses was high, despite a relatively narrow range of runoff volumes (40-60 mm), indicating that runoff sediment concentration was the primary contributor to sediment loss and was strongly affected by the PAM and Cover treatment groups. This suggests that PAM and cover may not affect final runoff rates during long-term storm events, but are still valuable in protecting soil from erosive forces through increased aggregate stability and shielding from rainfall impact.
In order to clarify the net effect of lagoon treatment on runoff and soil loss, de-ionized water was used instead of lagoon effluent as an irrigation treatment on a subset of replicates. This treatment was done on a four percent slope and received no PAM or surface cover additions. Boxes receiving the de-ionized water treatment had about the same total runoff during the first storm as the lagoon treatment. However, during the second storm, runoff rates were about 40% less than the total runoff from lagoon treated boxes. Boxes irrigated with water alone had about half the total sediment yield during the first storm, and about 60% of the sediment yield during the second storm compared to boxes treated with lagoon effluent. The treatment with anionic PAM was thus helpful in minimizing the negative soil degrading effects of lagoon effluent. Table 3 shows results for average total loss in runoff and average concentrations in runoff of ammonium-N, total oxidized nitrogen (TON), and orthophosphate-P. Treatment effects on ammonium-N loss by runoff during the first storm due to the PAM addition were highly significant (Table 4) . Both slope and cover (P=0.06) treatment effects were observed during the first storm, but neither had any significant effect on the total ammonium-N losses from the second or combined storms. For storm one, PAM reduced ammonium-N losses by 80% on the eight percent slope in comparison with the control (Table 3) . No main effects were significant during the second storm (Table 4) , however treatments with PAM had mean ammonium-N losses nearly 75% less during the first storm, and for combined storms had 50% less. PAM had no significant effect on TON loss in runoff, although TON loss results were highly variable due to possible high dissolution or leaching rates, making it difficult to draw conclusions (Table 4 ). Higher slope treatments increased loss of nitrate-N and 30% straw cover reduced losses in comparison to bare soil. Figure 6 shows the relationship between soluble P loss and total runoff, and results of a simple linear regression. A strong correlation existed, with a coefficient of determination (r 2 ) of 0.72. On average, boxes with 30% straw cover had runoff orthophosphate-P concentrations that were nearly 50% higher than those without cover. Increases in orthophosphate-P concentrations caused by the presence of straw were also observed by . Despite the increase in runoff P concentrations, the presence of straw cover significantly decreased total P loss due to reduction in runoff volumes for the first storm; over the course of both storms, however, the cover effects were not significant (Table 4) .
Nutrient Loss
Phosphorus losses in runoff for all storms were significantly affected by the PAM treatment (Table 4) . PAM was the most effective on the eight percent slope treatment during the initial constant intensity storm, where it reduced soluble P losses by about 75% (Table 3) . Reduction of orthophosphate loss was due primarily to decreased runoff in PAM treated boxes, but PAM did have a small but significant effect on runoff P concentration. PAM is thought to reduce the nutrient content of soil water by hindering dissolution and desorption from soil particles and/or by sorbing ions in solution to itself (Entry and Sojka, 2003; Orts et al., 2000) . Phosphorus is rapidly absorbed by soils and absorption occurs more easily than desorption (Sharpley, 1995) . PAM increases infiltration into the soil, thus PAM also reduces phosphorus concentration in surface water by allowing excess P at the surface, such as might occur after surface application of wastewater or manure, to move into soil and be sorbed to soil particles that are not as P saturated as the surface soil. On average, the total P loss from both storms was 40% less in those treatment groups receiving PAM. 
Conclusions
The combined effects of PAM, cover, and slope on runoff, soil loss and nutrient loss from a silt loam soil were evaluated. Application of PAM with irrigation of agricultural wastewater significantly reduced runoff, soil loss, ammonium-N, and soluble phosphorus loss in subsequent rainfall runoff events. Thirty percent straw cover was more effective in reducing runoff and soil loss than the PAM treatment, however the ammonium-N and orthophosphate-P losses were most effectively reduced by the PAM. Though the higher slope treatment increased sediment loss considerably on bare soil, the boxes treated with either straw cover or PAM did not have significant increases in sediment concentration with increasing slope. Generally, the use of PAM and cover together was more effective in reducing runoff and sediment loss than either individually. This study demonstrates that PAM, which has been shown in previous fresh water irrigation studies to effectively increase infiltration and reduce loss of sediment and nutrients in runoff, is similarly effective when used with agricultural wastewater. Management practices adding a small amount of PAM to lagoon effluent, in combination with surface cover should be considered for control of runoff, erosion and nutrient losses under wastewater irrigation systems. 
